Abstract
Introduction

42
A key component to building a territory is the vulnerability map. It"s a fundamental water quality 
55
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The work already done in the area (Newton, Joshua T, 2007; UNESCO 2012) , mainly concern 94 the quantity, and water resources management. Other studies ( Anoh, 2009; Jourda et al., 2007) 95 have focused on the quality of water resources but not in the same exact area or not to found the 96 vulnerability zones.
97
However, none of these studies has been the event of the impact of human and natural activities 98 on groundwater resources in the basin of the river Senegal to Mali. Thus, the present study uses 99 fuzzy and Drastic methods which evaluate the intrinsic and specific vulnerability to pollution to 100 highlight those impacts.
101
The aim of our study is to find useful and relevant information to guide policy choices for 102 prevention and management of risks of pollution of groundwater resources in this area by a 103 sustainable management.
104
MATERIALS ET METHODS
105
The working material consists of multiple data sources. This is the piezometric data from 106 piezometric champagne conducted in different years in the region and complemented by those of 107 the database "sigma" of the National Water Directorate (DNH).
108
Drilling data sheets available provided by the various campaigns of supply of drinking water as 109 well as the National Water Laboratory (LNE) allowed to use the drilling depth data, groundwater 110 levels, lithological cuts and pumping test ... These data helped to the achievement of several 111 maps of vulnerabilities.
112
To these data, add map information with the geological map of the region and that of the soil 113 sketch of Mali provided by FAO's work.
114
Thus, the coordinates of Shuttle Radar Topography Mission or SRTM picture 115 (http://srtm.csi.cgiar.org) was used for the cover of the study area. His treatment has established 116 a digital elevation model (DEM) resolution of 90 m and highlights the slope map.
117
The processing of all this data is performed on ArcGIS 10.0 for cartographic processing, 118 processing of satellite images and to generate the slope map and the combination of other 119 thematic maps.
120
For this study we used two different methods: one to assess the intrinsic vulnerability 121 (DRASTIC) and the second to find the specific vulnerability (Fuzzy).
122
The DRASTIC method is a method for mapping the inherent vulnerability of aquifers.
123
This method has already been the subject of several applications through the literature. Mohamed
124
(2001) evaluated aquifer vulnerability to pollution in El Madher (Algeria); Murat et al. (2003) 125 assessed the south-western aquifer pollution in Quebec (Canada); Jourda et al. (2006) and interest to both the two methods including the depth of the water level, the effective recharge of 135 the aquifer, soil types, topography, impact of vadose zone or the effect of self-purification of the 136 vadose zone, the lithology of the aquifer and the hydraulic conductivity of the aquifer.
137
The drastic method uses formulas that experiment the linear relationship between the parameters, 138 while the fuzzy method uses formulas that take into account the continuity in pollution from one 139 point to another.
140
Vulnerability assessment by the DRASTIC method 141 The DRASTIC method is one of weighted classes, which was developed by 'The US 
144
Although it is not originally designed for Geographic Information Systems, this model is a 145 classic spatial analysis widely used in GIS.
146
The objective of DRASTIC is to give a standard methodology that gives reliable results for 147 efforts to protect groundwater.
148
DRASTIC generates an index or 'score' for the potential pollution of ground water resources.
149
This index covers the entire range from 23 to 226. Note that the vulnerability to pollution is 150 higher for higher notes.
151
The DRASTIC method uses seven hydrological parameters: the depth of the water level of the 
155
In GIS, each parameter is scored on a layer by assigning a weight coefficient corresponding to 156 the parameter, that is to say, its influence on the vulnerability of the aquifer. Then these layers 157 are superimposed on a layer where result will be calculated the index DRASTIC said 'DRASTIC 158 Pollution Index (DPI)'. The layers will obviously have the same cartographic features: a single 159 projection system, identical units of length, identical geographical area and also the same 160 resolution, because this system uses matrix format for all calculations.
161
DPI is dimensionless. The number or the order of magnitude has no meaning in itself. The unity 162 of the DPI occurs when comparing two sites or a site to several other sites. The site with the 163 highest DPI will be considered most susceptible to contamination or pollution.
164
More than 24 vulnerability assessment methods of groundwater to pollution are identified in the 165 international literature. The method most currently used in the world is the DRASTIC method.
166
It is a method that was developed by L. Aller et al in 1987 and is one of the assessment methods
167
(Vulnerability aquifers) Weighted based and assigning a rating to used different parameters
168
(generally between 1 and 10). A Weighting is also allocated according to the relative importance 169 of each of the parameters used. The DRASTIC numerical rating system incorporates seven 170 different physical parameters involved in the transportation process and mitigation of 171 contaminants: water depth, effective recharge, aquifer, soil type.
Step 1:A numerical value 172 ranging from 1 to 5 is allocated to each of 7 parameters (parametric Weight Dp, Rp, Ap ...), 173 topography, vadose zone and hydraulic conductivity of aquifer media. Each of these parameters 174 is a weight (predetermined value) of between 1 and 5, which reflects the importance of the 175 parameter in the transport processes and contaminant attenuation. A key parameter is assigned a 176 weight equal to 5 while a setting with less impact on the fate of a contaminant is assigned a 177 weight of 1. 2nd step: At each of the seven parameters is assigned a value ranging from 1 to 10, 178 Nat. Hazards Earth Syst. Sci. Discuss., doi:10.5194/nhess-2017 Discuss., doi:10.5194/nhess- -116, 2017 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. 
187
All parameters were reclassified in ArcMap and assigned a score based on rankings ranging from 188 1 to 10 and a weighting to help merge factors together in the DRASTIC equation in GIS. Each of 189 the seven parameters was then assigned a multiplicative factor (w) sets ranging (weight) from a 190 value of 5 for the most significant factors and to 1 for factors that are less so.
191
The DPI was determined according to equation (1) according to Osborn et al. (1998) Polygon maps were initially generated for all the seven DRASTIC maps by geo-referencing, 206 digitizing, and editing.
207
These polygon maps were classified according to their importance on aquifer pollution potential 208 (a value from 0 to 10 was assigned to each map). So for each parameter we created specific 209 polygon maps by adding these ratings to attribute table in GIS. Specific polygon maps were then 210 Nat. Hazards Earth Syst. Sci. Discuss., doi:10.5194/nhess-2017 Discuss., doi:10.5194/nhess- -116, 2017 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. converted into raster maps according to their ratings. We assigned weight to these raster maps 211 and combined them then to get the final vulnerability map by using formula (1 or 2).
212
DRASTIC method is frequently used to study groundwater vulnerability. In United States 
219
To assess DRASTIC parameters we need to identify and study every hydrogeological and The following parameters were used for the DRASTIC method:
222
Depth to water table (D):
223
It is the distance between ground surface and groundwater table. So it controls the thickness and 224 amount of possible contaminants (Ckakraborty S et al., 2007) . Hence when this distance is high 225 then it is more difficult for surface water to cross (under chemical, biological reactions) all this 226 thickness and to reach groundwater.
228
We got depth to water table data from borehole data given by National Directorates in charge of 229 water resources management in Mali.
230
These date show that the depth varies from 1.50m to more than 120m. As said Dhundi et al.
231
(2009), for depth beyond 100 m, we assigned a rating of 0 because it is almost impossible for 232 pollutant to reach groundwater, due to processes like, sorption, filtration, biodegradation,
233
volatilization… Table 1 shows all the values for range and rating for depth to groundwater table,   234 and it map is shown in figure 1.
235
To generate the map we used the inverse distance moving average and a simple inverse power 
Recharge (R):
241
The annual average amount of water that infiltrates the vadose zone and reaches the water table represents the recharge map.
251
We used the following formula to calculate net recharge:
Net recharge = (rainfall -evaporation) × recharge rate Basin groundwater simulations, the aquifer media data (table 3) for this research were computed 268 (figure 3) from more than 2300 borehole data.
269
Soil media (S):
270
Soil media is the uppermost part of unsaturated zone. The quantity and shrink/swell capacity of 271 clay in soil, soil grain type, sorting and size are both important because they influence 272 groundwater movement, potential dispersion, pollutants migration throughout biological and 273 physic-chemical reactions (sorption, biodegradation, ionic exchange, oxidation, reduction…).
274
The permeability of the soil media was used as basis for assigning ratings on a scale of 1 to 10.
275
The coarsest soils were assigned a rating of 10 and this decreased all the way to the finest media, 
Topography (T):
279 Topography of an area accounts for the change in slope. It is a determining factor of how rainfall 280 and pollutants will either run-off or infiltrate (Lynch et al., 1994) .The longer the water and or 281 pollutant get retained in an area, the greater the chance for infiltration and consequently, the 282 potential for recharge is higher. Gentler slopes (slopes of 0-2 (%)) have higher retaining capacity 283 for water and/or pollutants while steeper slopes (slopes of +18(%)) have lower retention capacity 284 for water and or pollutants. According to Aller et al., 1987 , topography has an effect on 285 attenuation since it influences soil development.
286
Slope values extracted from the digital elevation model of the study area were reclassified and 287 ranked on a scale (table 5) of 1 to 10 to build the topography map (figure 5). This served as basis 288 to be included in the multi-criteria analysis, where other DRASTIC factors play a role. For groundwater depth we chose the following ratings: 5 for depth less than 10 m, 2 for zones 297 with depth between 10 m and 30 m, and 1 for area which groundwater depth is more than 30.
289
Impact of vadose zone (I):
298
Similarly we chose 5, 3 and 1 for respectively high, medium and low permeable soils. And 299 finally we combined the two map layers to get the impact of vadose zone layer (table 6 and 300 figure 6). high hydraulic conductivity is easy to be contaminated and aquifer with low hydraulic 305 conductivity is difficult to be polluted (Fritch et al., 2000) .
306
We used trasmissivity values instead of hydraulic conductivity to build it map. We adopted the The fuzziness can be expressed continuously by membership degree from 0 to 1. The following 332 optimized model is used (Pathak et al. 2009 ):
333
Given a matrix for factors: (4) 334 X ij denotes the value of tester j in element i 335 I=1,…,7;j=1,…,n with n the overall number of sampling points. 336
We can classify Drastic factors into two main groups which are:
337
-group 1 where the increasing of parameter value increases groundwater vulnerability to 338 pollution.
339
-group 2 where the increasing of parameter value decreases groundwater vulnerability to 340 pollution.
341
This membership degree can be expressed mathematically by: With rij the degree of membership for the sample j in factor i 346 minj is the smallest value of element i(i.e. 1) in Drastic method. 347 maxj is the maximum value of element i(i.e. 10) in Drastic method.
348
We can use equations (4), (5) and (6) to get the following connection of factors matrix: (7) 349 350 ( ) With the following conditions in matrix R: 351 -if rij=1 then the tester j has the highest potential to groundwater pollution according element i only.
352
-if rij=0 then the tester j has the lowest potential to groundwater pollution according the element i only.
353
For example when all element connection degrees to highest potential to groundwater pollution are 1,
And when all element connection degrees to lowest potential to groundwater pollution are 0, then: (8) 357
Rij=(0,...,0) 358
So the membership degree of each or the parameters in sample j is: (9) 359 rj=(r1,…,r7)T 360 In Drastic system different parameters have different weights (from 5 to 1) in relation to vulnerability; 361 these are normalized in evaluation process to sum to one. 362
Let (10) 363 W= (w1,…,w7)T the weight vector 364
The distance from one given sample j to the sample with the highest potential to groundwater pollution 365 can be express as: (11) 366
√∑[ ( )]
The distance from one given sample j to the sample with the lowest potential to groundwater pollution 367 can be express as: (12) 368 369 √∑ p in (11) and (12) is called distance factor, when p=1 the distances are named Hamming distances and 370 when p=2 the distances are called Euclidean distances.
371
We used Euclidean distances in our study. We can see clearly that if d1=0 then the given sample j has the 372 highest potential to groundwater pollution and when d2=0 then the given sample j has the lowest potential 373 to groundwater pollution.
374
Let the membership degree of the highest potential to groundwater pollution be denoted by uj for a given 375 sample j, so the membership degree of the lowest potential to groundwater pollution will be (1-uj) for the 376 same given sample. 377
Membership can be regarded as weight in view of fuzzy concept. So the following equations express 378 more clearly continuous changes from a given sample j to the highest potential to groundwater pollution 379 as well as from the same given sample to the lowest potential to groundwater pollution: (13) 380
√∑[ ( )]
D 1 is the weighted distance to the highest potential to groundwater pollution and: (14) 381 √∑ D 2 is the weighted distance to the lowest potential to groundwater pollution.
382
To get an optimized solution for uj the objective function is: (15) 383
After differentiating (14) and solving it comes: (16) 384
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Equation (16) is called fuzzy optimization model and higer the value of u j , higher the potential of 385 groundwater vulnerability to pollution for a given tester j. This model is joined to GIS and used to 386 evaluate the pollution potential or groundwater. The diagram of procedures used to evaluate this 387 potential maps using DRASTIC and fuzzy methods in GIS is shown in figure8.
388
Results and Discussions
389
Fuzzy-DRASTIC parameters:
390
Using memberships defined by fuzzy concept depth to ground water table and topography maps 391 were different from those of DRASTIC, but for the other five parameters the fuzzy optimized 392 and DRASTIC maps were identical.
393
The depth to ground water table and topographic map obtained by using fuzziness are shown in 394 figure 9 and figure 10:
395
The aquifer vulnerability maps 396 The final DRASTIC Potential Index (DPI) was obtained by using formula 1 (or 2) in ArcGIS 397 10.0 software on the seven individual map layers to produce the vulnerability map for DRASTIC 398 method. The DPI rating scores were from 72 to 141 and the greater the score, the higher the 399 aquifer vulnerability. We used natural break (jenks) classification to get three main classes 400 namely low vulnerability area (DPI<110), moderate vulnerability area (110<DPI<120) and high 401 vulnerability area (120<DPI<141). Table 8 and figure 11 show DPI scores and distribution.
402
These values range from 72 to 141 and are classified into 3 distinct classes.
403
To facilitate and control scientific discussion, we used natural break (jenks) classification to get For the normalized vulnerability we got: 21.68% for high vulnerability, 15.22% for moderate 414 vulnerability and 63.32% for low vulnerability. The map is shown in figure 12 . 
Sensitivity analysis
423
Seven hydro-geological parameters influence the transport of the contaminants to aquifers when 424 using the DRASTIC approach. According to Rosen (1994) , the great numbers of parameters are 425 intended to decrease indecisions associated with using the individual parameters on the results.
426
But, several researchers (Merchant, 1994; Barber et al. 1994 ) opine that groundwater risk 427 assessment is possible without using all the seven parameters of the DRASTIC method. Other 428 researchers (Napolitano and Fabbri, 1996) also criticized in what way the weights and the ratings 429 for the seven parameters are assumed for DPI assessment and lead to uncertainties about the 430 precision of the outcomes for pollution risk assessment. Many factors contribute to the output of 431 the DRASTIC model (Rahman A., 2008; Ckakraborty, 2007 ) including map units in each layer , 432 the weights, the overlay operation type that is performed, the number of data layers, the error or 433 doubt associated to each map unit etc.
434
Sensitivity analysis was adopted to complement trial evidence for DRASTIC method to perfect 435 the uncertainty about model precision.
436
Two (2) The statistical summary of all parameters are shown in theoretical weight in DRASTIC method and the nature of unsaturated zone material in the basin.
480
Moderate variations were seen after removal of depth to groundwater table (1.72%), net recharge
481
(1.58%) and hydraulic conductivity (1.53%). Only minor variations in mean values of DPI were 482 remarked (from 0.67% to 0.92%) after removal of each of the other parameters from 483 computation (table 10) .
484
The second step of map removal sensitivity test shows the change in DPI value when we remove 485 one or more map layers (or parameters) a time from calculation. Based on the first step we 486 removed parameters in the second step (Rahman A., 2008; Babiker I.S et al. 2005 ) by removing 487 preferentially the parameters which produced less variation on the final DPI value and then next 488 smaller etc.
489
The smallest mean effective weight variation was seen after removal of net recharge (4.80%) 
493
Single parameter sensitivity analysis (effective weight) 494 The importance of each of the seven parameters has been shown in map removal sensitivity 495 analysis. Now we need to understand if the theoretical weight affected to each parameter in 496 DRASTIC model is its actual/real or effective weight after computation.
497
The effective weight is a function of the value of the single parameter with regard to the other six 498 parameters as well as the weight assigned to it by the DRASTIC model (Rahman A., 2008 Nat. Hazards Earth Syst. Sci. Discuss., doi:10.5194/nhess-2017 Discuss., doi:10.5194/nhess- -116, 2017 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. 
